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The initial insult is membrane tears and increased permeability due to the lack of an essential structural protein. The increased permeability initiates a series of pathologic events, including chronic inflammation, increased serum creatine kinase, increased Evans blue dye uptake, and dysregulation of calcium and multiple other signaling molecules. These events lead to myofiber degeneration and regeneration and eventual inability to replace the myofibers due to a weakened and decreased satellite cell pool. The myofibers are replaced with myofibroblasts and fibroblasts, which deposit excessive extracellular matrix (ECM). In normal skeletal muscle wound-healing, the satellite cell pool is maintained, and the ECM is remodeled to decrease the size of the scar, if any remains. In muscular dystrophy (MD), the satellite cells are impeded by chronic inflammation, 2 excessive fibrosis, and excessive ECM, 3 and the muscles are incapable of remodeling the scar tissue at the required pace.
Multiple genes can be mutated to cause human and murine MD. 4 Most common are mutations in the dystrophin gene, specifically those causing Duchenne MD (DMD) in humans and modeled by the mdx mouse. Another member of the dystrophin-glycoprotein complex (DGC), c-sarcoglycan, is mutated in humans and causes limb-girdle MD type 2C and, through genetic engineering, a mouse line with a targeted allele of c-sarcoglycan has been generated (signified by Sgcg; see Hack et al. 5 ). The Sgcg mutation has been established in multiple mouse strains, 6 and the null mutation on the DBA2/J (Sgcg 2/2 D2) mouse strain was identified as the most severely affected. 6, 7 The Sgcg 2/2 D2 mice were more severely affected than mdx mice on their usual C57/Bl10 strain. 1 Therefore, for this work, I used Sgcg 2/2 D2 mice to robustly test the ability of FTY720 to inhibit disease progression.
Currently, there are no effective treatments for DMD or LGMD. 8 The current standard of care is corticosteroids, which are believed to function through immune inhibition. However, these compounds produce many unwanted side effects when taken on a long-term basis. 9 Therefore, these experiments were initiated to identify the potential of FTY720 to inhibit LGMD disease progression. FTY720 (Fingolimod or Gilyena; Novartis) has been approved by the Food and Drug Administration to treat relapsing-remitting multiple sclerosis; it significantly reduces the rate of relapses.
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FTY720 is a sphingosine-1-phosphate receptor modulator, which acts by reducing chronic inflammation. 11 In a mouse model of pressure overload cardiac disease, FTY720-P has proven beneficial in reducing fibrosis through the serine/threonineprotein kinase (PAK1) signaling cascades. 12 The evidence for PAK1 dependence has been generated by utilizing PAK1 cardiac-specific knockout mice and PAK1 siRNA technology 13 ; in both cases, FTY720 treatment becomes ineffective without PAK1.
The S1P signaling cascade is truly complex and beyond the scope of this study. However, S1P signaling is impacted by concentration, concentration gradients, responding cell history (receptors and the associated heterotrimeric G proteins coupled to them), rate of phosphorylation and dephosphorization, and rate of S1P degradation (all very well reviewed elsewhere 14 ). S1P signaling is also known to modulate many cellular processes. Specifically, in muscle cells, S1P signaling modulates immune function, decreases HDAC1 and HDAC2 activities, 15 promotes satellite cell proliferation and differentiation, increases satellite cell response to cardiotoxin, and increases myofiber size. 16 There are many reports of immune inhibition, including corticosteroids, aiding MD patients and animal models. 17 Many of the other S1P cellular effects listed above are also hypothesized to reduce MD phenotypes. S1P signaling can be beneficially increased genetically, biochemically, and pharmacologically. 18 Increasing S1P signaling benefits Drosophila with MD, as observed by reducing the welldocumented wing vein defect and increasing movement. 18 Furthermore, treating cardiotoxin acutely injured mdx mice with THI (a small-molecule S1P lyase inhibitor) increases S1P and increases muscle integrity and function. 19 Studies have identified that treating uninjured 4-week-old mdx mice with TH1 for 4 weeks increased the ex-vivo maximum force created by the extensor digitorum longus.
Despite this robust investigation into S1P signaling, quantifying phenotypic changes in uninjured dystrophic murine muscles by pharmaceutically increasing S1P has not been done. This study investigated the effectiveness of FTY720 to reduce LGMD-2C mediated pathology.
METHODS
The Sgcg 1/2 mice on the DBA2/J (Sgcg 1/-D2) background were generously provided by Dr. Elizabeth McNally. 5, 6 The mice were maintained in a barrier facility with 12-hour light/dark cycles and received standard lab chow and water ad libitum. All animal protocols adhered to the Guide for the Care and Use of Laboratory Animals (National Institutes of Health) and the protocol of the institutional animal care and use committee of the University of Illinois at Chicago. The Sgcg 2/2 mice were randomly assigned to the prevention group (start at age 3 weeks, before fibrosis has begun, and treat for 3 weeks) or the reversal group (start at age 10 weeks, near the peak of fibrosis, 1 and treat for 3 weeks) and also randomly assigned to receive FTY720 (Cayman Chemicals, Ann Arbor, Michigan) at 10 mg/g or vehicle intraperitoneally every other day (Fig. 1) . The FTY720 was first dissolved in dimethylsulfoxide (DMSO) to 100 mg/ml. It was diluted 1:50 in 0.9% sodium chloride before 5 ml/g body weight injection, and the vehicle animals received DMSO diluted 1:50 in 0.9% sodium chloride at 5 ml/g body weight injection.
Before harvest, I performed plethysmography and echocardiography to assess functional components of the expected fibrosis reduction by FTY720. Plethysmography was done on a small-animal whole-body device (Buxco/DSI, St. Paul, Minnesota) with Finepointe software (Buxco) for analysis. As described previously, the mice were acclimatized in the chambers for 10 minutes before respiratory values were recorded for 15 minutes. The animals were then sequentially placed in the next 3 chambers for a total of 60 minutes of recordings. If all chambers provided very similar values (averages within each other's standard deviations), all 60 minutes of recordings were averaged and used for analysis. Rarely, 1 chamber would give aberrant results, and its data would be disregarded. Echocardiography and analysis were performed by Robert Gaffin on a digital imaging system (Vevo 2100; Visualsonics, Toronto, Ontario, Canada) at the University of Illinois at Chicago Center for Cardiovascular Research.
Forty hours before harvest the mice were injected with Evans blue dye (EBD; Sigma Aldrich, St. Louis, Missouri; Sigma was the source of all chemicals) 10 mg/ml diluted in phosphate-buffered saline (PBS) at a final ratio of 5 ml/g of animal weight. Forty hours of EBD was previously determined empirically to minimize background EBD in wildtype mice. 6 The animals were euthanized with carbon FIGURE 1. Schematic of the animal protocol. Mutant (top left) or wild-type (top right) DBA2/J (D2) mice were randomly assigned to FTY720 or DMSO groups. The 4 groups were treated identically throughout the 3-week protocol. The mice received intraperitoneal injection every other day. Every Monday the mice were weighed, and the therapeutic or vehicle doses were recalculated. Two days before harvest the respiratory function of all mice was assessed by whole-body plethysmography, and the mice received an intraperitoneal dose of Evans blue dye. One day before harvest, the mice were anesthetized for echocardiography.
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dioxide, followed by cervical dislocation. Multiple muscle tissues were harvested, minced, weighed in microcentrifuge tubes, and frozen at -808C for EBD uptake quantification (abdominal muscles 1 3 1-cm 2 segment, half of each quadriceps, both gastrocnemius/soleus, half of each gluteus, triceps, and kidneys as EBD injection controls, for a total of 11 tissues) or hydroxyproline (HOP) quantification (abdominal muscles 1 3 1-cm 2 segment, diaphragm, cardiac ventricles, half of each quadriceps, half of each gluteus, for a total of 9 tissues). Some muscle tissues (center quadriceps slice, tibialis anterior, and the heart base) were harvested for histology and immunofluorescence by submerging the pieces in optimal cutting temperature medium (Tissue-Tek, Sakura Finetek, Torrance, California) and freezing in liquid nitrogen-cooled isopentane. In addition, center disks from the quadriceps were placed in neutral-buffered formalin for histologic processing. The veterinary clinic at the University of Illinois at Champaign processed the tissues and performed Masson trichrome staining.
Membrane permeability was quantified utilizing a highthroughput assay that uses spectrophotometry to quantify EBD eluted from tissue. 6 The microcentrifuge tubes containing the weighed frozen tissues received 500 ml of formamide and were vortexed and incubated at 558C for at least 2 hours. Two hundred microliters of the resulting elution was transferred into a 96-well plate, and the optical density was measured at 580k. A standard curve was also generated; the values are reported as mM EBD/mg tissue. The muscle EBD uptake values were then divided by the animal's average kidney EBD uptake to normalize for injection quality and to normalize for the effects of FTY720 upon blood vessel permeability.
The HOP assay was used to quantify the collagen content of various muscles as a reflection of the fibrosis present. 6 The microcentrifuge tubes containing the HOP samples received 500 ml of 6 M HCl, were vortexed, and incubated at 1058C overnight. Ten microliters of the hydroxylate was moved to another microcentrifuge tube, which received 150 ml of isopropanol followed by 75 ml of chloramine T (7% solution in water) mixed 1:4 with citrate acetate buffer (1.44 M sodium acetate, 5.75 M citric acid, 0.435 M NaOH, 3.85% of isopropanol in water). The mixture was vortexed and incubated at room temperature for 10 minutes. Then, 1 ml of Ehrlich reagent (0.3% p-dimethylaminobenzaldehyde in ethanol with 6.75% sulfuric acid) diluted 3:13 in isopropanol was added. This mixture was incubated for 30 minutes at 588C, the reaction was quenched on ice for 5 minutes before a quick centrifugation and reading 200 ml on a 96-well plate at 620k. A standard curve with hydroxyproline was generated. The results are reported as mM HOP/mg tissue.
Immunofluorescence was performed on 10-mM frozen quadriceps sections. Sections from all animal groups were affixed to a single slide for each stain to minimize staining artifacts. The tissue sections were fixed in methanol at -208C for 5 minutes, followed by PBS rinses and non-specific epitope blocking in 5% fetal bovine serum in 1 3 PBS for 20 minutes at room temperature. Primary antibodies fibronectin and d-sarcoglycan (both from Santa Cruz Biotechnology, Santa Cruz, California) were diluted 1:100 in blocking solution and incubated on the slides in a wet chamber overnight at 48C. After 3 15-minute 13 PBS washes at room temperature, appropriate species-specific secondary antibodies (Invitrogen, Waltham, Massachusetts) diluted 1:2,500 in blocking solution were applied for 1 hour at room temperature. After a final set of 3 15-minute 13 PBS washes at room temperature, the coverslips were mounted with DAPI Vectashield media (Vector Labs, Burlingame, California). Images were acquired on a photomicroscope (Zeiss Axiophoto; Carl Zeiss, Jena, Germany) at 203 original magnification. Representative images are shown.
One-way analyses of variance (ANOVAs) with a post-hoc Tukey test were calculated with StatView software, and P < 0.05 were considered significant.
RESULTS
Preliminary analysis of a small cohort (12 animals) from the reversal strategy indicated no benefit (data not shown). Therefore, all data presented here are from the prevention cohort.
Gross Anatomy. At harvest time, pictures of the Sgcg 2/2 D2-treated and untreated diaphragms and hearts were obtained (representative images shown in Fig. 2 ). In the diaphragms, the FTY720 treatment clearly reduced EBD staining and fibrotic scars. Figure 2A shows a dystrophic diaphragm from an animal receiving the diluted DMSO vehicle; the blue rays indicate permeable membrane, and therefore EBD-penetrated myofibers. Figure  2B is a representative image of diaphragm from a dystrophic littermate that received FTY720 for 3 weeks. The EBD intensity is much weaker, and fewer fibers have any blue at all. The representative FTY720-treated heart also displays decreased gross pathology compared with the DMSO-treated littermate. Although the hearts are dark, EBD uptake differences can be grossly determined by a more intensely darker blue in the vehicle heart (Fig. 2C ) compared with the lessintense blue of the FTY720-treated heart (Fig. 2D ). In addition, there was a significant reduction in gross fibrosis in cardiac fibers after 3 weeks of FTY720 treatment. The control-treated heart shows a right ventricle that is very fibrotic, and the representative FTY720 treated heart has less fibrosis in the right ventricle ( Fig. 2C and D) .
Membrane Permeability. Using a quantifiable EBD uptake assay, 6 I found that FTY720 treatment reduced membrane permeability in all skeletal muscle tissues analyzed, except for the abdominal muscles (see Fig. 3A for averages and standard errors, and Table 1 ). FTY720 treatment also reduced EBD uptake into the wild-type muscles (Fig. 3A) . Multiple publications have demonstrated that increasing S1P signaling decreases endothelial barrier penetrance. 20 Therefore, we normalized the EBD skeletal muscle uptake values by the kidney EBD uptake values (Fig. 3B and Table 1 ). The kidneys were originally harvested and quantified to control for the intraperitoneal injection (IP) EBD injections. When skeletal muscle EBD uptake values were normalized to kidney EBD uptake values, a significant benefit of FTY720 treatment was still observed in LGMD mice, again with the exception of abdominal muscles.
I used immunofluorescent staining for another member of the DGC on quadriceps muscle tissue sections from the 4 prevention mouse groups. When c-sarcoglycan is absent in patients or in the murine model of LGMD-2C, other DGC members are reduced. 5, 21 In the FTY720-treated dystrophic muscles, enhanced immunofluorescent staining of d-sarcoglycan was seen (representative pictures in Fig. 4 ). FTY720 treatment also increased dsarcoglycan staining in the quadriceps of the wildtype mice. A schematic of the 2 mechanisms in which FTY720 reduces EBD uptake into muscle tissue is shown in Figure 4 .
Fibrosis Assessment. I also analyzed the fibrosis content of various muscle groups with a quantitative HOP assay. 6 The prevention protocol significantly reduced fibrosis in all muscle groups tested, including the clinically important cardiac ventricles and diaphragm ( Fig. 5 and Table 1 ). FTY720 treatment did not produce any significant fibrotic changes in the wild-type mice. To confirm this fibrotic reduction, immunofluorescence for fibronectin was performed in quadriceps muscles. In support of the quantitative assay, immunofluorescence demonstrated that FTY720 treatment reduced fibronectin, and therefore fibrosis (Fig. 5) . Masson trichrome staining also indicated fibrosis reduction after 3 weeks of FTY720 treatment (Fig. 5 ). This stain also identifies decreased immune cell infiltrate after FTY720 treatment. Because it has been postulated that LGMDmediated fibrosis causes the functional decline of the muscles, I next tested various functional characteristics of the diaphragm and cardiac muscles.
Plethysmography. Whole-body plethysmography can identify diaphragm fibrosis through decreased peak inhalation flow (PIF), peak exhalation flow (PEF), minute volume (MV), and velocity at 50% exhalation volume (EF 50 ). The vehicle-treated Sgcg 2/2 D2 mice had significantly decreased PIF, PEF, MV, and EF 50 compared with the wild-type D2 mice, indicating functional reduction as early as 6 weeks in this LGMD-2C model (Fig. 6 ).
Echocardiography. I also performed echocardiography on the 4 mouse groups from the prevention protocol to analyze their cardiac functional changes. No significant changes were observed.
DISCUSSION
This study has shown that 3 weeks of alternateday FTY720 treatment can prevent but cannot reverse disease phenotypes in a severe mouse model of LGMD-2C. I have established that 10 mg/g of . FTY720 treatment decreased skeletal muscle EBD uptake. Total EBD uptake was reduced in both wild-type and Sgcg mutant animals by FTY720 treatment (A) (averages and standard errors). After correcting for FTY720-reduced endothelial cell permeability by normalizing to kidney EBD uptake, the treated Sgcg animals had significantly less EBD uptake (B). animal body weight delivered intraperitoneally (IP) every other day starting at age 3 weeks reduces sarcolemmal permeability, reduces muscle fibrosis, and increases function of muscles from a Sgcg 2/2 mouse model of LGMD-2C.
I aimed to determine efficacy for FTY720 use in murine MD. I initiated these experiments with the prevention strategy of injections (10 mg/g) starting at age 3 weeks and continuing every day for 3 weeks. The FTY720 recipient animals weighed significantly less than the vehicle animals after just 1 week of injections (FTY720: 7.8 6 0.43 g; vehicle: 8.9 6 0.12 g; P 5 0.04). Furthermore, at the 2-week injection time-point, the FTY720 animals demonstrated lethargy and unkempt fur. The treated and control animals were promptly harvested, and the FTY720-treated group demonstrated decreased HOP (data not shown). Based on these preliminary data, experiments continued, but subsequent animals received the same dose of FTY720 (10 mg/ g) every other day. The prevention strategy initiated IP injections at age 3 weeks and continued every other day for 3 weeks. The reversal strategy started IP injections at age 10 weeks and continued every other day for 3 weeks. The reversal strategy did not demonstrate any benefit by gross visualization, histology, EBD uptake, HOP content, plethysmography, or echocardiography. Therefore, all of the results are from the prevention animal groups. EBD is known to bind albumin, 22 which then penetrates into cells with damaged and permeable membranes. Scientists have used EBD cell penetrance as an indicator of permeable cell membranes due to the lack of an intact DGC. 23 I believe that the reduced EBD in the FTY720-treated Sgcg 2/2 D2 mice result from 2 mechanisms (modeled in Fig. 4) . A portion of the reduction arises from the reduced endothelial cell permeability known to be caused by S1P signaling 24 and FTY720 signaling. 25 I make this statement, because, when the skeletal muscle EBD uptake values were normalized to the animal's kidney EBD values, the differences between the 2 Sgcg 2/2 D2 mouse groups decreased, but it remained significant. Furthermore, the treated and untreated wild-type muscle groups were no longer significantly different after kidney normalization. The remainder of the difference between the 2 Sgcg 2/2 mouse groups arose from FTY720's beneficial effects on membrane integrity. Reduced membrane permeability is also evident from the representative diaphragm images of Figure 2 . Not only was there less blue in the damaged fibers (indicative of reduced endothelial cell permeability), but there were also fewer blue fibers (indicative of fewer fibers with damaged sarcolemmas). Enhanced membrane strength can also be surmised from the reappearance of dsarcoglycan in the sarcolemma by immunofluorescence (Fig. 4) . Interestingly, FTY720 treatment increased d-sarcoglycan staining in the sarcolemma in both Sgcg 2/2 and wild-type mice. Clinically, this finding is critically important. The present data indicate that FTY720 is perhaps curative by re-establishing the DGC, including dsarcoglycan, and not just palliative. More work is needed to determine whether DGC restoration also causes reduced fibrosis and functional recovery of FTY720 treatment, and how this restoration is being accomplished by FTY720 treatment.
Early FTY720 treatment also significantly reduced skeletal, cardiac, and diaphragm muscle fibrosis. Reduced fibrosis is evident in the anatomical (Fig. 2 ) and fibronectin staining (Fig. 5) images. Multiple reports have demonstrated that, in murine and human MD, the diaphragm is especially fibrotic. 6, 26 Also, because of the respiratory failure leading to death of many MD patients, a careful assessment of diaphragm function was conducted. The reduced diaphragm fibrosis was also functionally evident in the plethysmography data, which indicates improved function by early FTY720 treatment (Fig. 6) . The directional changes of these characteristics (decreased values) confirm that the functional changes were due to fibrosis. Fibrosis would slow the relaxation stages of respiration, and therefore lead to slower PIF and PEF. Decreased MV and EF 50 are also consistent with a fibrotic and therefore stiff diaphragm. Early FTY720 treatment prevented these fibrotic functional changes and restored diaphragm function to be insignificantly different from the wild-type D2 mice. In addition to these 4 important respiratory parameters, FTY720 treatment also restored time of inhalation to near wild-type levels (refer to  Table S1 in Supplementary Material, available online). The important enhanced pause (penh) parameter was not significantly different between the untreated mutants and the wild-type animals, very likely because the mutants were too young to have progressed to full respiratory pathology. 1 As expected, as previous publications have shown there is not enough cardiac pathology to elicit functional changes at such a young age, 1 no echocardiographic differences were found between any of the groups.
Due to the many sites at which FTY720 decreased pathology, I sketched a working model for the postulated mechanisms for inhibition of LGMD-2C disease progression (Fig. 7) . In addition, previous studies have identified that FTY720 and/ or S1P decreases apoptosis, 27 increases satellite cell capabilities, 28, 29 and decreases immune infiltration and cytokines. 11 Because FTY720 has a long halflife of 6-9 days, has a flat pharmacokinetic concentration profile, 30, 31 and inhibits multiple sites throughout disease progression, I hypothesize that lower doses could be effective in the LGMD-2C mouse model and, ultimately, in patients. This possibility is currently being tested.
Because of the long list of possible FTY720 benefits of muscle regeneration, the field is wide open with regard to the actual molecular mechanisms leading to the results described herein. Based on the work of others, portions of the FTY720 benefits are likely due to immune inhibition 11 and reduced fibrosis. 12 Furthermore, as established by the EBD data described here, additional benefits likely arise from increasing skeletal muscle sarcolemmal integrity. Experiments designed to identify which specific mechanisms are involved in this phenotypic reduction are now being conducted. Further experiments are also underway to investigate the mechanisms of DGC re-establishment to the sarcolemma. There are many questions created by this study. Although many experiments have been conducted using S1P and skeletal muscle, the specific effects of FTY720 on muscle cells have yet to be established. In addition, experiments with longer duration prevention and reversal strategies and lower doses are required. Furthermore, specific molecular mechanisms, including immune mechanisms, are currently being investigated.
The mice in these experiments received unphosphorylated FTY720. Future experiments should identify the most effective anti-muscular dystrophy FTY720 format and balance that against possible undesired side effects. Both forms of FTY720 have biological activities, 32 and both are intricately controlled and interchanged by cellular mechanisms.
14 Because LGMD-2C is a devastating disease, both progressive and fully lethal, I propose that FTY720 be used as a co-therapy. The goal is to utilize a low FTY720 dose that avoids side effects in patients but will be functional and can enhance the benefits of an additional treatment. Such a strategy has been proposed for many of the MD treatments currently in the pipeline. 33 Because of the re-establishment of DGC members with FTY720 treatment, I envision that this could also be a co-therapy with cell-or gene-based therapies to boost the effectiveness of restoring a functioning DGC. LGMD-2C disease progression, becoming worse as the patient and mouse progress along the sequence from left to right. FTY720 and/or S1P have been found to beneficially affect multiple points along the progression. Data identified or affirmed in this study are indicated with green bars. Data from previous publications are indicated with blue bars and arrows, and are referenced in the text.
